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Introduction {#sec001}
============

*Clonorchis sinensis* (*C*. *sinensis*) is an important food-borne parasite endemic in Southeast Asian countries, including China, Korea, Japan, and Vietnam. Clonorchiasis, caused by chronic infection with *C*. *sinensis*, has seriously afflicted more than 35 million people worldwide, including approximately 15 million people in China \[[@pntd.0008287.ref001]\]. Most clonorchiasis cases occur through the ingestion of raw or undercooked freshwater fish harboring infective *C*. *sinensis* metacercariae. The metacercariae pass through the gastric environment and then excyst in the duodenum, and eventually the juvenile flukes migrate into the bile ducts, where they grow into adult flukes \[[@pntd.0008287.ref002]\]. These long-lived flukes can provoke severe tissue damage and pathologic changes such as inflammation, epithelial hyperplasia, goblet cell metaplasia, periductal fibrosis, and biliary intraepithelial neoplasia \[[@pntd.0008287.ref003]\]. More importantly, increasing epidemiological, histopathological, and experimental evidences have revealed that the morbidity of cholangiocarcinoma strongly correlates with the rate of *C*. *sinensis* infection \[[@pntd.0008287.ref004]--[@pntd.0008287.ref007]\]. Although the treatment of clonorchiasis is largely reliant on a safe and effective drug, praziquantel, the massive and repeated use of it in endemic areas, is leading to several emerging problems, such as drug resistance and hypersensitivity reactions \[[@pntd.0008287.ref008]--[@pntd.0008287.ref010]\]. Furthermore, community prevention of clonorchiasis is difficult to carry out because of the lack of an effective vaccine \[[@pntd.0008287.ref011]\]. The continuing search for novel anthelmintics and prophylactics that target the vital function of *C*. *sinensis* has become an urgent matter. Since energy metabolism plays a key role in facilitating the adaptation of adult flukes to a hostile environment, a detailed knowledge of it is beneficial for us to develop novel anti-parasitic drugs. In the body of adult flukes, endogenous glucose is degraded through two major pathways, homolactic fermentation and carbon dioxide fixation, both of which can produce a large amount of ATP for the flukes to grow, reproduce, and inhabit the host \[[@pntd.0008287.ref012], [@pntd.0008287.ref013]\]. However, to date, it is unclear how adult flukes obtain an adequate energy source from the bile ducts, where they encounter a microaerobic and limited-glucose environment \[[@pntd.0008287.ref014]\].

Gluconeogenesis is a metabolic process involving the de novo synthesis of glucose molecules from other carbon precursors during situations in which there is an enhanced oxidative utilization of glucose or in which there is a dietary insufficiency of carbohydrates to supply the body requirements for oxidative glucose metabolism \[[@pntd.0008287.ref015]\]. It is well known that gluconeogenesis exists in mammals, certain plants, and microorganisms grown in the absence of glucose \[[@pntd.0008287.ref016]\]. Previous studies have shown that all gene encoding enzymes involved in gluconeogenesis are present in the *C*. *sinensis* genome. Among these enzymes, *C*. *sinensis* glucose-6-phosphatase (*Cs*G-6-Pase), fructose-1,6-bisphosphatase (*Cs*FBPase), phosphoenolpyruvate carboxykinase (*Cs*PEPCK), and pyruvate carboxylase (*Cs*PC), all of which are key regulatory enzymes in gluconeogenesis, exhibit high expression levels at the adult fluke stage \[[@pntd.0008287.ref014], [@pntd.0008287.ref017]\]. Moreover, it was reported that *C*. *sinensis* adults could absorb exogenous glycine, proline, succinic acid, and acetate under glucose-free conditions \[[@pntd.0008287.ref018]--[@pntd.0008287.ref021]\], suggesting that adult flukes might be obliged to utilize exogenous non-carbohydrate moieties to satisfy energy requirements in the absence of glucose. Studies on the gluconeogenesis pathway of *C*. *sinensis* will help us to elucidate the energy source of adult flukes in the bile ducts.

In the present study, we compared the component and content of free amino acids between *C*. *sinensis*-infected and uninfected bile and further investigated the consumption of exogenous amino acids by *C*. *sinensis* adults in the absence or presence of glucose as well as the influence of gluconeogenesis inhibition on their viability and survival time. The collective information will be a cornerstone for illuminating the biological characteristics of *C*. *sinensis* and the host-parasite interactions.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

Adult cats at 2--5 years old were purchased from an epidemic area of China (Guangzhou, Guangdong Province). Six-week-old male SD rats were purchased from the animal center of Sun Yat-Sen University. The rats were housed under a 12 h lighting cycle in a controlled environment (room temperature of 20--28°C, humidity of 40--70%). The animal care and use protocols were approved by the Animal Care and Use Committee of Sun Yat-Sen University (permit number SYXK (Guangdong) 2012--0081). All animal experiments were carried out in accordance with Guangdong Provincial Laboratory Animal Administration Measures and the Laboratory Animal Administration Regulations issued by Ministry of Science and Technology of the People's Republic of China.

Detection of free amino acids from bile samples {#sec004}
-----------------------------------------------

Cats were maintained a same diet for 3 days before the experiment to avoid the bile affected by feeding. The infection status of the cats was preliminarily assessed by analyzing the weight, the luster of the fur, the feces, and so on. Emaciated cats with matte fur and eggs found in the feces were assessed as *C*. *sinensis* infection. The liver and gallbladder were dissected from the cats and the flukes were collected to determine the infection \[[@pntd.0008287.ref022]\]. Finally, 7 *C*. *sinensis*-infected cats were totally observed with 648 liver flukes, while 3 uninfected cats were not observed with liver flukes. Bile samples from *C*. *sinensis*-infected and uninfected cats were respectively collected. Each sample was mixed with 5% 5-sulfosalicylic acid (1:2 dilutions) and stored at 4°C overnight. After centrifugation for 20 min at 12,000 *g*, the protein precipitation was removed and the supernatant was purified by NOVA-PAK C18 column (Waters, USA) at 4°C. Each supernatant sample was subsequently mixed with a pH 2.2 citrate buffer (1:9 and 1:6 dilutions for infected and uninfected bile samples, respectively). Finally, free amino acids in 20 μl of each processed sample (C~p~) were detected by an automatic amino acid analyzer (Hitachi, Japan) according to the manufacturer's protocol. Concentration of free amino acids in each bile sample (C~b~) was calculated using equation C~b~(mg/L) = C~p~ × dilution multiples. The experiment was performed according to JY/T019-1996 general principles for amino acid analysis at 23.5°C and humidity of 64%.

In vitro maintenance of *C*. *sinensis* adults {#sec005}
----------------------------------------------

*C*. *sinensis* metacercariae were collected from experimentally infected freshwater *Pseudorasbora parva* in our ecologic pool \[[@pntd.0008287.ref023]\]. The fish was digested with artificial gastric juice (0.2% HCl, 0.6% pepsin, pH 2.0) at 37°C for 2 h followed by filtration through a sieve mesh. After washing several times with sterile phosphate-buffered saline (PBS), the living metacercariae were collected under a light microscope. Each SD rat was artificially infected with 50 metacercariae and sacrificed 8 weeks later. Adult flukes were freshly harvested from the bile ducts of rats and washed 5 times in sterile PBS containing 100 U/ml penicillin and 100 mg/ml streptomycin to remove host contaminants. Subsequently, a total of 630 adult flukes were randomly placed 5 per well with 2 ml of sterile culture solutions in 6-well plates, and cultured at 37°C with 5% CO~2~. The culture solutions for maintenance of adult flukes in vitro were inorganic 1 × Locke's with or without the addition of different nutrients as well as Dulbecco's modified Eagle's Medium (DMEM; Invitrogen, USA) with different concentrations of glucose \[[@pntd.0008287.ref024]\]. The high, low, and no glucose DMEM contained 25, 5.6, and 0 mM glucose, respectively. All culture solutions contained 100 U/ml penicillin and 100 mg/ml streptomycin and replaced in every 1 d interval. Each culture solution was performed in sextuplicate and repeated with 3 plates. Viability and percent survival of adult flukes were monitored daily as described previously \[[@pntd.0008287.ref025]\]. Freshly harvested adult flukes (0 h/d) and adult flukes at 1, 3, 5 and 7 d of culture were washed \> 3 times in sterile PBS to get rid of possible contamination. Adult flukes were immersed in Sample Protector (TaKaRa, Japan) for RNA extraction and stored at -80°C before use.

Quantitative real time PCR (qRT-PCR) analysis of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC {#sec006}
------------------------------------------------------------------------------------------------

Total RNA was extracted from adult flukes using TRIZOL reagent (Invitrogen, USA) according to the manufacturer's protocol. The concentration of RNA was detected by a nucleic acid/protein analyzer (Beckman Coulter, USA). The first-strand cDNA was synthesized from 1 μg of total RNA using the reverse transcriptase superscript (Fermentas, USA). Real-time PCR was performed on a Bio-Rad iQ5 instrument using SYBR Premix Ex Taq Kit (TaKaRa, Japan) according to the manufacturer's protocol. Primers of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC (GenBank accession numbers: DF144183.1, DF144433.1, DF142981.1, and DF144082.1) were designed using the Primer Premier 5.0 software ([S1 Table](#pntd.0008287.s011){ref-type="supplementary-material"}). *C*. *sinensis* β-actin (GenBank accession number: EU109284.1) was used as the reference gene for relative quantification ([S1 Table](#pntd.0008287.s011){ref-type="supplementary-material"}) \[[@pntd.0008287.ref026]\]. The specificity of each primer pair was examined by generated melting curve upon the completion of each gene amplification. The amplification profile consisted of 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for 20 s. Each gene amplification was performed in triplicate and the experiment was repeated for 3 times. Data were calculated using a Bio-Rad iQ5 Optical System Software (version 2.1) according to the 2^-ΔΔCt^ method \[[@pntd.0008287.ref027]\].

Assay of L-amino acid level in cultured supernatant of different DMEM {#sec007}
---------------------------------------------------------------------

At 0, 6, 12, and 24 h of feeding, the supernatant of DMEM was collected and centrifuged for 10 min at 12,000 g to remove debris. The processed supernatant samples were stored at -80°C before use. L-amino acid level was quantified with L-Amino Acid Quantitation Colorimetric/Fluorometric Kit (BioVision, USA) according to the manufacturer's protocol. Briefly, L-amino acid standard was diluted to a series of gradients in a final volume of 50 μl with L-amino acid buffer in a 96-well microplate. Three μl processed samples were added into the microplate and adjusted to 50 μl with L-amino acid buffer. L-amino acid standard and samples were respectively incubated with 50 μl reaction mix for 30 min at 37°C, protect from light. The fluorescence was measured at Ex/Em = 535/590 nm in a microplate reader. L-amino acid standard curve was obtained based on the standard concentration and the standard reading. The blank reading was subtracted from the sample readings to calculate L-amino acid level of samples by using the standard curve. Every sample was performed in sextuplicate and the experiment was repeated for 3 times.

Inhibition of recombinant *Cs*FBPase (r*Cs*FBPase) and native *Cs*FBPase activity by MB05032 {#sec008}
--------------------------------------------------------------------------------------------

MB05032 (CAS No. 261365-11-1), \[5-\[2-amino-5-(2-methylpropyl)-4-thiazolyl\]-2-furanyl\] phosphonic acid, a specific inhibitor for human FBPase \[[@pntd.0008287.ref028]\], was synthesized at Shanghai Medicilon Inc (China). For inhibitory potency assay, r*Cs*FBPase was prepared and purified as described \[[@pntd.0008287.ref029]\], and soluble protein of adult flukes (0 d) was obtained essentially as described except that the buffer was 100 mM Tris-HCL (pH 7.5) \[[@pntd.0008287.ref030]\]. Briefly, adult flukes were prepared by sonication and centrifuged at 12,000 *g* for 20 min at 4°C to clear off the insoluble matter. The supernatant containing soluble protein was collected. Enzymatic activity of r*Cs*FBPase or native *Cs*FBPase in soluble protein of adult flukes was respectively measured by continuously monitoring the rate of NADP^+^ reduction at 340 nm in a coupled assay using a multifunctional microplate reader (SpectraMax M5) \[[@pntd.0008287.ref031]\]. The reaction mixture contained 100 mM Tris-HCL (pH 7.5), 2 mM MgCl~2~, 10 mM KCl, 0.4 mM FBP, 0.5 mM NADP^+^, 10 units/ml yeast glucose-6-phosphate dehydrogenase, and 4 units/ml yeast phosphoglucose isomerase (Sigma-Aldrich) in a final volume of 150 μl. The 50% inhibiting concentration (IC50) of AMP (positive control) and MB05032 against r*Cs*FBPase or native *Cs*FBPase in soluble protein was respectively measured at 37°C in a reaction mixture containing different concentrations of AMP (0--50 mM) or MB05032 (0--500μM). For inhibitory specificity assay, recombinant fructose-1,6-bisphosphate aldolase-2 of *C*. *sinensis* (r*Cs*FbA-2, GenBank accession number: DF143896.1) was prepared and used as a control \[[@pntd.0008287.ref032]\]. Reaction was performed at 37°C in the reaction mixture of r*Cs*FBPase or r*Cs*FbA-2 with or without the addition of 10 μM MB05032. The reaction mixture of r*Cs*FbA-2 was prepared as described \[[@pntd.0008287.ref032]\]. Every sample was performed in triplicate and the experiment was repeated for 3 times.

Treatment of *C*. *sinensis* adults with or without MB05032 {#sec009}
-----------------------------------------------------------

A total of 720 adult flukes were cultured as described above on 1 × Locke's as well as high, low, and no glucose DMEM with or without the addition of MB05032 (20 μM). Viability and percent survival of adult flukes with or without MB05032 treatment were measured as described \[[@pntd.0008287.ref025]\]. The pictures and videos of adult flukes were captured at 5 d of feeding using a stereoscopic dissecting microscope (Leica S8APO, Germany) for the investigation of motility. At different times of culture, adult flukes from each group were collected, washed \> 3 times in sterile PBS to get rid of possible contamination and stored at -80°C until further processing.

Assay of native *Cs*FBPase activity as well as glucose and glycogen levels {#sec010}
--------------------------------------------------------------------------

At 12 and 24 h of culture, native *Cs*FBPase activity in soluble protein of adult flukes with or without MB05032 treatment was measured using the same method as described above. Glucose and glycogen levels in soluble protein of adult flukes were detected with QuantiChrom^™^ Glucose Assay Kit and EnzyChrom^™^ Glycogen Assay Kit (Bioassay, USA), respectively. For detection of glucose, glucose standard was diluted to a series of concentration gradients in a final volume of 150 μl with dH~2~O. Then, 50 μl standards and samples were respectively mixed with 500 μl reagent in appropriately labeled tubes. The tubes were heated in a boiling water bath for 8 min and cooled down in an ice water bath for 4 min. Subsequently, 200 μl processed standards and samples were respectively transferred into a 96-well microplate and read optical density at 620--650 nm. Standard curve was obtained based on the standard concentration and the standard reading. The blank reading was subtracted from the sample readings to calculate glucose level of samples by using the standard curve. For detection of glycogen, glycogen standard was diluted to a series of concentration gradients in a final volume of 200 μl with dH~2~O. Then, 10 μl standards and samples were respectively transferred into separate wells of a 96-well microplate, and incubated with 90 μl work reagent for 30 min at room temperature, protect from light. The fluorescence was measured at Ex/Em = 530/585 nm. Standard curve was obtained based on the standard concentration and the standard reading. The blank reading was subtracted from the sample readings to calculate glycogen level of samples by using the standard curve. Protein concentration was measured with BCA protein assay kit (Novagen, Germany) and used for the normalization of glucose and glycogen levels as described \[[@pntd.0008287.ref033]\]. Every sample was performed in triplicate and the experiment was repeated for 3 times.

Statistical analysis {#sec011}
--------------------

All data were analyzed using SPSS 13.0 software and the graphs were constructed using GraphPad Prism 5.0 software. Data were represented as mean ± standard deviation (SD) from 3 independent experiments. *P* \< 0.05 was considered as statistical significance, thereby indicating a probability of error lower than 5%.

Results {#sec012}
=======

Comparison of free amino acids between *C*. *sinensis*-infected and uninfected bile {#sec013}
-----------------------------------------------------------------------------------

To understand energy source for *C*. *sinensis* adults, we compared the component and content of free amino acids between *C*. *sinensis*-infected and uninfected bile. It was apparent that total concentration of free amino acids in *C*. *sinensis*-infected bile was 0.8 folds higher than that in uninfected bile. In *C*. *sinensis*-infected bile, the concentrations of aspartic acid, serine, glycine, alanine, histidine, asparagine (Asp, Ser, Gly, Ala, His, and Asn; glycogenic amino acid), threonine (Thr; glycogenic and ketogenic amino acid), lysine (Lys; ketogenic amino acid), hydroxylysine (Hylys), and urea increased to approximately 2.2, 2.5, 1.9, 2.5, 4.4, 2.6, 2.2, 8.9, 4.4, and 2.1 folds, respectively. Additionally, carnosine could be detected in *C*. *sinensis*-infected bile, while it could not be detected in uninfected bile ([Table 1](#pntd.0008287.t001){ref-type="table"} and [S1 Fig](#pntd.0008287.s001){ref-type="supplementary-material"}).
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###### Comparison of free amino acids between *C*. *sinensis*-infected and uninfected bile.

![](pntd.0008287.t001){#pntd.0008287.t001g}

  -------------------------------------------------------------------------------------------------------------------------------------
  Free amino acid                                                 Uninfected bile\   *C*. *sinensis*-infected bile\   *P* value
                                                                  (mg/L, n = 3)      (mg/L, n = 7)                    
  --------------------------------------------------------------- ------------------ -------------------------------- -----------------
  **Aspartic acid (Asp)**[^a^](#t001fn002){ref-type="table-fn"}   7.85 ± 1.47        17.58 ± 2.44                     \< 0.05 (0.020)

  **Serine (Ser)**[^a^](#t001fn002){ref-type="table-fn"}          49.23 ± 6.88       123.05 ± 30.63                   \< 0.05 (0.039)

  **Glycine (Gly)**[^a^](#t001fn002){ref-type="table-fn"}         101.05 ± 5.40      187.37 ± 20.82                   \< 0.05 (0.017)

  **Alanine (Ala)**[^a^](#t001fn002){ref-type="table-fn"}         91.00 ± 16.82      230.68 ± 49.12                   \< 0.05 (0.039)

  **Histidine (His)**[^a^](#t001fn002){ref-type="table-fn"}       6.14 ± 1.62        27.22 ± 7.83                     \< 0.05 (0.030)

  **Asparagine (Asn)**[^a^](#t001fn002){ref-type="table-fn"}      29.07 ± 3.66       74.59 ± 15.91                    \< 0.05 (0.018)

  **Valine (Val)**[^a^](#t001fn002){ref-type="table-fn"}          27.19 ± 8.59       52.64 ± 12.80                    n.s. (0.305)

  **Cysteine (Cys)**[^a^](#t001fn002){ref-type="table-fn"}        8.89 ± 2.89        36.88 ± 15.27                    n.s. (0.732)

  **Methionine (Met)**[^a^](#t001fn002){ref-type="table-fn"}      4.22 ± 1.18        11.35 ± 4.09                     n.s. (0.733)

  **Glutamic acid (Glu)**[^a^](#t001fn002){ref-type="table-fn"}   43.45 ± 20.97      60.60 ± 16.66                    n.s. (0.569)

  **Threonine (Thr)**[^b^](#t001fn003){ref-type="table-fn"}       64.14 ± 12.91      141.96 ± 21.25                   \< 0.05 (0.039)

  **Isoleucine (Ile)**[^b^](#t001fn003){ref-type="table-fn"}      4.93 ± 1.08        14.87 ± 6.38                     n.s. (0.732)

  **Tyrosine (Tyr)**[^b^](#t001fn003){ref-type="table-fn"}        1.98 ± 1.27        22.73 ± 10.21                    n.s. (0.299)

  **Phenylalanine (Phe)**[^b^](#t001fn003){ref-type="table-fn"}   1.59 ± 1.03        16.31 ± 7.56                     n.s. (0.481)

  **Lysine (Lys)**[^c^](#t001fn004){ref-type="table-fn"}          8.11 ± 4.86        72.33 ± 30.22                    \< 0.05 (0.039)

  **Leucine (Leu)**[^c^](#t001fn004){ref-type="table-fn"}         9.52 ± 2.98        32.64 ± 13.33                    n.s. (0.909)

  **Ornithine (Orn)**                                             3.83 ± 2.73        13.96 ± 3.27                     n.s. (0.087)

  **Hydroxylysine (Hylys)**                                       0.85 ± 0.46        3.73 ± 0.46                      \< 0.05 (0.039)

  **Phosphoserine (P-Ser)**                                       13.76 ± 6.34       27.48 ± 5.70                     n.s. (0.305)

  **Taurine (Tau)**                                               291.79 ± 122.58    301.97 ± 72.54                   n.s. (0.606)

  **Cystine (Cys-Cys)**                                           2.29 ± 1.65        4.27 ± 0.93                      n.s. (0.360)

  **Citrulline (Cit)**                                            3.72 ± 0.55        5.09 ± 2.20                      n.s. (0.908)

  **β-Alanine (β-Ala)**                                           5.62 ± 1.84        6.90 ± 0.55                      n.s. (0.425)

  **α-Aminoadipic acid (α-AAA)**                                  4.62 ± 0.89        6.43 ± 0.68                      n.s. (0.087)

  **α-Aminobutyric acid (α-ABA)**                                 8.83 ± 4.99        22.36 ± 7.06                     n.s. (0.138)

  **Ethanolamine (ETA)**                                          10.29 ± 4.60       15.29 ± 2.05                     n.s. (0.210)

  **Phosphorylethanolamine (PEA)**                                12.61 ± 7.12       9.66 ± 4.65                      n.s. (0.729)

  **Urea**                                                        218.66 ± 110.50    450.75 ± 33.76                   \< 0.05 (0.039)

  **Carnosine**                                                   \-                 19.84 ± 7.68                     \< 0.05 (0.034)

  **Total**                                                       1125.12 ± 193.20   2036.29 ± 176.01                 \< 0.05 (0.017)
  -------------------------------------------------------------------------------------------------------------------------------------

Data were represented as mean ± SD. Two independent samples test was used to evaluate the comparisons. *P* \< 0.05 was considered as statistical significance; n.s., not significant.

^a^Glycogenic amino acid.

^b^Glycogenic and ketogenic amino acid.

^c^Ketogetic amino acid.

Survival time of *C*. *sinensis* adults maintained on 1 × Locke's with or without the addition of different nutrients {#sec014}
---------------------------------------------------------------------------------------------------------------------

To investigate whether exogenous glycogenic precursors could be utilized by adult flukes in the absence of glucose, we maintained adult flukes on inorganic 1 × Locke's with or without the addition of 0.25% Gly and 0.25% Ala (Gly + Ala) or 0.5% glycerol (glycerol) \[[@pntd.0008287.ref024]\]. Adult flukes maintained on 1 × Locke's (control) did not survive beyond 18 d. Nevertheless, Gly + Ala feeding significantly extended the survival time of adult flukes (Gly + Ala versus control, *P* \< 0.01), with median survival time increasing from 10.5 ± 0.5 to 19.1 ± 1.7 d and maximum survival time increasing from 17.8 ± 0.8 to 25.3 ± 1.5 d. Similarly, glycerol feeding significantly extended the survival time of adult flukes (glycerol versus control, *P* \< 0.05), with median survival time increasing from 10.5 ± 0.5 to 17.0 ± 1.5 d and maximum survival time increasing from 17.8 ± 0.8 to 24.2 ± 1.0 d. Gly + Ala feeding respectively extended median and maximum survival times by approximately 81.9% and 42.1%, whereas glycerol feeding respectively extended median and maximum survival times by approximately 61.9% and 36.0%. However, no significant difference was observed between Gly + Ala and glycerol feeding (*P* = 0.4161) ([Fig 1A](#pntd.0008287.g001){ref-type="fig"} and [S2 Table](#pntd.0008287.s012){ref-type="supplementary-material"}).

![Survival curve of *C*. *sinensis* adults maintained on inorganic solutions and nutrient media.\
(A) Survival curve of adult flukes maintained on 1 × Locke's (control), 1 × Locke's containing 0.25% Gly and 0.25% Ala (Gly + Ala), as well as 1 × Locke's containing 0.5% glycerol (glycerol). (B) Survival curve of adult flukes maintained on 1 × Locke's and different DMEM. Survival curve was constructed using Kaplan-Meier analysis with the log-rank test.](pntd.0008287.g001){#pntd.0008287.g001}

The mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in 1 × Locke's with or without the addition of different nutrients {#sec015}
-------------------------------------------------------------------------------------------------------------------------------------

Given the importance of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in regulating the gluconeogenesis reaction, we analyzed their expression levels by qRT-PCR. Compared with the control, Gly + Ala feeding significantly upregulated the mRNA levels of *Cs*PEPCK and *Cs*PC at 1, 3, 5, and 7 d, and upregulated the mRNA levels of *Cs*G-6-Pase and *Cs*FBPase at 3, 5, and 7 d. However, glycerol feeding downregulated the mRNA levels of *Cs*PEPCK and *Cs*PC at 1, 3, 5, and 7 d, and upregulated the mRNA levels of *Cs*G-6-Pase and *Cs*FBPase only at 3 d ([Fig 2A--2D](#pntd.0008287.g002){ref-type="fig"}). In addition, time course of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC mRNA levels in Gly + Ala was analyzed. Under Gly + Ala condition, the mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC increased progressively during 0--7 d of culture ([Fig 2E--2H](#pntd.0008287.g002){ref-type="fig"}).

![The mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in 1 × Locke's with or without the addition of different nutrients.\
The mRNA levels of *Cs*G-6-Pase (A), *Cs*FBPase (B), *Cs*PEPCK (C), and *Cs*PC (D). Time course of *Cs*G-6-Pase (E), *Cs*FBPase (F), *Cs*PEPCK (G), and *Cs*PC (H) mRNA levels in Gly + Ala. ANOVA was used to analyze the comparisons. \**P* \< 0.05 and \*\**P* \< 0.01 versus control (A-D) or 0 d (E-H); n.s., not significant.](pntd.0008287.g002){#pntd.0008287.g002}

Survival time of *C*. *sinensis* adults maintained on 1 × Locke's and different DMEM {#sec016}
------------------------------------------------------------------------------------

To further investigate whether exogenous amino acids could be utilized by adult flukes in the presence of glucose, we maintained adult flukes on 1 × Locke's and DMEM with different concentrations of glucose. Adult flukes in any kind of DMEM had a longer survival time than adult flukes in 1 × Locke's did (high glucose DMEM versus 1 × Locke's, *P* \< 0.05; low glucose DMEM versus 1 × Locke's, *P* \< 0.01; no glucose DMEM versus 1 × Locke's, *P* \< 0.01). Median and maximum survival times of adult flukes were 20.0 ± 1.0 and 25.8 ± 1.5 d in high glucose DMEM, 27.1 ± 1.5 and 32.2 ± 2.5 d in low glucose DMEM, and 24.9 ± 1.1 and 30.0 ± 2.0 d in no glucose DMEM, respectively, all of which were longer than those in 1 × Locke's (median survival time, 12.0 ± 0.3 d; maximum survival time, 17.9 ± 1.2 d). Accordingly, median and maximum survival times were approximately prolonged by 66.7% and 44.1% in high glucose DMEM, 125.8% and 79.9% in low glucose DMEM, as well as 107.5% and 67.6% in no glucose DMEM, respectively. Moreover, adult flukes in high glucose DMEM survived shorter than those in low glucose DMEM survived (*P* \< 0.05). However, no significant differences were observed between high and no glucose DMEM (*P* = 0.0974) as well as between low and no glucose DMEM (*P* = 0.6954) ([Fig 1B](#pntd.0008287.g001){ref-type="fig"} and [S3 Table](#pntd.0008287.s013){ref-type="supplementary-material"}).

The mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in 1 × Locke's and different DMEM {#sec017}
----------------------------------------------------------------------------------------------------

We analyzed the expression levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in 1 × Locke's and different DMEM by qRT-PCR to further determine the occurrence of gluconeogenesis inside the body of adult flukes. At 1, 3, 5, and 7 d, mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC were essentially consistent. At 1 d, mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in high, low, and no glucose DMEM were not significantly changed as compared with those in 1 × Locke's. At 3 d, adult flukes expressed the highest mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in 1 × Locke's. At 5 and 7 d, adult flukes expressed the highest mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in no glucose DMEM. However, adult flukes did not express higher mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in high and low glucose DMEM than those expressed in 1 × Locke's ([Fig 3A--3D](#pntd.0008287.g003){ref-type="fig"}). In addition, time course of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC mRNA levels in no glucose DMEM was analyzed. Under no glucose DMEM condition, the mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC increased progressively during 0--7 d of culture ([Fig 3E--3H](#pntd.0008287.g003){ref-type="fig"}).

![The mRNA levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC in 1 × Locke's and different DMEM.\
The mRNA levels of *Cs*G-6-Pase (A), *Cs*FBPase (B), *Cs*PEPCK (C), and *Cs*PC (D). Time course of *Cs*G-6-Pase (E), *Cs*FBPase (F), *Cs*PEPCK (G), and *Cs*PC (H) mRNA levels in no glucose DMEM. ANOVA was used to analyze the comparisons. \**P* \< 0.05 and \*\**P* \< 0.01 versus 1 × Locke's (A-D) or 0 d (E-H); n.s., not significant.](pntd.0008287.g003){#pntd.0008287.g003}

L-amino acid level in cultured supernatant of different DMEM {#sec018}
------------------------------------------------------------

To determine whether exogenous amino acids could be absorbed by adult flukes in the absence or presence of glucose, we detected L-amino acid level in cultured supernatant of different DMEM. L-amino acid level was gradually reduced in cultured supernatants of high, low, and no glucose DMEM during 0--24 h of feeding. Among these supernatants, the supernatant of no glucose DMEM showed a maximum reduction in L-amino acid level, while the supernatant of high glucose DMEM showed a minimum reduction in L-amino acid level ([Fig 4](#pntd.0008287.g004){ref-type="fig"}).

![L-amino acid level in cultured supernatant of different DMEM.\
L-amino acid level in cultured supernatant of high, low, and no glucose DMEM was quantified at 0, 6, 12, and 24 h of feeding. Data were represented as means ± SD. Statistical significance was evaluated by ANOVA. \**P* \< 0.05 versus 0 h.](pntd.0008287.g004){#pntd.0008287.g004}

Specific inhibition of r*Cs*FBPase and native *Cs*FBPase by MB05032 {#sec019}
-------------------------------------------------------------------

The IC50 of AMP and MB05032 against r*Cs*FBPase were 262.2 μM and 4.898 μM, respectively ([S2A Fig](#pntd.0008287.s002){ref-type="supplementary-material"}). The IC50 of AMP and MB05032 against native *Cs*FBPase were 116.7 μM and 2.531 μM, respectively ([S2B Fig](#pntd.0008287.s002){ref-type="supplementary-material"}). In addition, r*Cs*FBPase activity could be inhibited by 10 μM MB05032. Conversely, r*Cs*FbA-2 activity could not be inhibited by 10 μM MB05032 ([S2C Fig](#pntd.0008287.s002){ref-type="supplementary-material"}). These results indicated that r*Cs*FBPase activity could be efficaciously and specifically inhibited by MB05032.

Native *Cs*FBPase activity inside *C*. *sinensis* adults with or without MB05032 treatment {#sec020}
------------------------------------------------------------------------------------------

To further investigate the contribution of gluconeogenesis to energy metabolism of adult flukes, we maintained adult flukes on 1 × Locke's and different DMEM with or without the addition of MB05032. Adult flukes treated with MB05032 exhibited a significant reduction in native *Cs*FBPase activity regardless of what kinds of culture solutions they were maintained (*P* \< 0.05 or *P* \< 0.01), with the relative activity reducing to less than 85% at 12 h and less than 60% at 24 h ([Fig 5](#pntd.0008287.g005){ref-type="fig"}).

![Native *Cs*FBPase activity inside *C*. *sinensis* adults with or without MB05032 treatment.\
Adult flukes were respectively maintained on high, low, and no glucose DMEM (A, B, and C), as well as 1 × Locke's (D) with or without the addition of MB05032. Native *Cs*FBPase activity was measured at 12 and 24 h of feeding. Differences between two groups were evaluated by student's *t* test. \**P* \< 0.05 and \*\**P* \< 0.01 were represented as statistical significance.](pntd.0008287.g005){#pntd.0008287.g005}

Glucose and glycogen levels inside *C*. *sinensis* adults with or without MB05032 treatment {#sec021}
-------------------------------------------------------------------------------------------

No matter what kind of culture solutions were used, MB05032 treatment decreased glucose level inside adult flukes, with more pronounced effect at 3, 5 and 7 d (*P* \< 0.05, *P* \< 0.01, or *P* \< 0.001) ([Fig 6](#pntd.0008287.g006){ref-type="fig"}). In addition to decreasing glucose level, MB05032 treatment also apparently decreased glycogen level inside adult flukes at 24 h of feeding, no matter what kind of culture solutions were used (*P* \< 0.05 or *P* \< 0.01) ([Fig 7](#pntd.0008287.g007){ref-type="fig"}).

![Glucose level inside *C*. *sinensis* adults with or without MB05032 treatment.\
Adult flukes were respectively maintained on high, low, and no glucose DMEM (A, B, and C), as well as 1 × Locke's (D) with or without the addition of MB05032. Glucose level was detected at 0, 1, 3, 5, and 7 d of feeding. Differences between two groups were evaluated by student's *t* test. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 were represented as statistical significance.](pntd.0008287.g006){#pntd.0008287.g006}

![Glycogen level inside *C*. *sinensis* adults with or without MB05032 treatment.\
Adult flukes were respectively maintained on high, low, and no glucose DMEM (A, B, and C), as well as 1 × Locke's (D) with or without the addition of MB05032. Glycogen level was detected at 24 h of feeding. Differences between two groups were evaluated by student's *t* test. \**P* \< 0.05 and \*\**P* \< 0.01 were represented as statistical significance.](pntd.0008287.g007){#pntd.0008287.g007}

Morphological and moving changes of *C*. *sinensis* adults with or without MB05032 treatment {#sec022}
--------------------------------------------------------------------------------------------

At 5 d, untreated adult flukes were active with continuous muscle contraction and expansion as well as body wriggle and migration. In contrast to this, adult flukes with MB05032 treatment showed reduced activities with body stiffness, shrink, and curliness regardless of what kind of culture solutions they were maintained ([Fig 8](#pntd.0008287.g008){ref-type="fig"} and [S1](#pntd.0008287.s003){ref-type="supplementary-material"}--[S8](#pntd.0008287.s010){ref-type="supplementary-material"} Videos).

![Morphological and moving changes of *C*. *sinensis* adults with or without MB05032 treatment.\
Adult flukes were maintained on high glucose DMEM (A), high glucose DMEM + MB05032 (E), low glucose DMEM (B), low glucose DMEM + MB05032 (F), no glucose DMEM (C), no glucose DMEM + MB05032 (G), 1 × Locke's (D), and 1 × Locke's + MB05032 (H), respectively. The images were captured at 5 d of feeding and magnified at × 32.](pntd.0008287.g008){#pntd.0008287.g008}

Survival time of *C*. *sinensis* adults with or without MB05032 treatment {#sec023}
-------------------------------------------------------------------------

MB05032 treatment sharply decreased the survival time of adult flukes in each culture solution (high glucose DMEM versus high glucose DMEM + MB05032, *P* \< 0.0001; low glucose DMEM versus low glucose DMEM + MB05032, *P* \< 0.0001; no glucose DMEM versus no glucose DMEM + MB05032, *P* \< 0.0001; 1 × Locke's versus 1 × Locke's + MB05032, *P* \< 0.01). Under high glucose DMEM condition, MB05032 treatment remarkably decreased median survival time from 20.0 ± 0.6 to 7.5 ± 0.2 d and maximum survival time from 26.2 ± 2.0 to 14.1 ± 1.7 d. Under low glucose DMEM condition, MB05032 treatment similarly decreased median survival time from 25.9 ± 1.0 to 7.0 ± 0.1 d and maximum survival time from 33.9 ± 3.0 to 12.0 ± 0.7 d. Under no glucose DMEM condition, MB05032 treatment also decreased median survival time from 23.0 ± 0.5 to 5.9 ± 0.1 d and maximum survival time from 29.3 ± 1.5 to 10.7 ± 0.3 d. Likewise, under 1 × Locke's condition, remarkable decreases of median survival time from 13.0 ± 0.3 to 3.1 ± 0.1 d and maximum survival time from 17.5 ± 1.5 to 7.0 ± 0.1 d were observed with MB05032 treatment. Hence, in these solutions, MB05032 treatment showed a 62.5%-76.2% decrease in median survival time and a 46.2%-64.6% decrease in maximum survival time ([Fig 9](#pntd.0008287.g009){ref-type="fig"} and [S4 Table](#pntd.0008287.s014){ref-type="supplementary-material"}).

![Survival curve of *C*. *sinensis* adults with or without MB05032 treatment.\
Adult flukes were respectively maintained on high, low, and no glucose DMEM (A, B, and C), as well as 1 × Locke's (D) with or without the addition of MB05032. Survival curve of adult flukes was constructed using Kaplan-Meier analysis with the log-rank test.](pntd.0008287.g009){#pntd.0008287.g009}

Discussion {#sec024}
==========

Parasitic helminths have to adapt themselves to diverse environments in which oxygen, nutrients, temperature, and ion conditions vary considerably. Adequate energy sources are necessary for the parasite to grow, develop, reproduce, and long-term inhabit the host. Unlike adult schistosomes, who reside in a glucose-rich mesenteric vein \[[@pntd.0008287.ref034]\], numerous *C*. *sinensis* adults are surrounded by a biliary environment, which seems unlikely to provide them with sufficient carbohydrates. The flukes may rely on other alternative sources in response to crowded dwelling and energy limitation. The present results showed that exogenous amino acids might be an essential energy source for *C*. *sinensis* adults to successfully survive in the host.

In the present study, the increase of total amino acids in *C*. *sinensis*-infected bile was in agreement with a previous study ([Table 1](#pntd.0008287.t001){ref-type="table"}) \[[@pntd.0008287.ref035]\]. There might be two possible sources for these biliary amino acids. During *C*. *sinensis* infection, the moving and feeding flukes continuously rub the inner surface of bile ducts with their flexible body and puncture the small vessels with muscular suckers \[[@pntd.0008287.ref036], [@pntd.0008287.ref037]\]. Thus, many plasma amino acids, including Ser, Gly, Ala, His, Thr, and Lys, whose concentrations increased in *C*. *sinensis*-infected bile ([Table 1](#pntd.0008287.t001){ref-type="table"}), would be leaked from the injury of small vessels and blended into the bile \[[@pntd.0008287.ref038]\]. The second possible source of these biliary amino acids might be the digestion of epithelial exfoliations and damaged tissues as well as plasma proteins from the host \[[@pntd.0008287.ref035]\]. Emerging evidences have proven that several secreted proteases of trematodes, such as cysteine peptidases and aminopeptidases, can degrade host tissues, including hemoglobin, plasma, antibodies, and extracellular matrix, to small peptides \[[@pntd.0008287.ref039]--[@pntd.0008287.ref043]\]. The proteolytic cascade or network of these endopeptidases and exopeptidases, which constitute the major components of excretory-secretory products (ESPs), is presumed to hydrolyze host tissues into free amino acids \[[@pntd.0008287.ref044]--[@pntd.0008287.ref047]\]. The constant production of extracorporeal amino acids might be of considerable significance reflecting the nutrients of *C*. *sinensis* adults, supported by the increase of urea concentration in *C*. *sinensis*-infected bile ([Table 1](#pntd.0008287.t001){ref-type="table"}). Urea nitrogen from the catabolism of amino acids serves as a reliable indicator of dietary protein intake \[[@pntd.0008287.ref048]\]. It has been documented that the excretion of urea is a basic metabolic pathway of *Fasciola hepatica* and *Fasciola gigantica* for removal of highly toxic ammonium ions from the catabolism of amino acids \[[@pntd.0008287.ref049], [@pntd.0008287.ref050]\]. Therefore, urea dramatically increased in *C*. *sinensis*-infected bile was most likely excreted from *C*. *sinensis* adults in the same way, implying that the uptake and catabolism of amino acids might occur in their bodies. In *C*. *sinensis*-infected bile, since 6 of the 9 enriched amino acids are glycogenic amino acids ([Table 1](#pntd.0008287.t001){ref-type="table"}), they might not only provide nitrogenous demand for adult flukes to maintain body structure, but also serve as a fuel for their growth and development. The concentrations of Lys and Thr, which are respectively ketogenic as well as glycogenic and ketogenic amino acids, also increased in *C*. *sinensis*-infected bile ([Table 1](#pntd.0008287.t001){ref-type="table"}). This result suggested that ketone bodies might be another energy source when the flukes undergo insufficiency of carbohydrate or longstanding starvation. Further studies will be necessary to confirm the contribution of ketone bodies to energy metabolism of *C*. *sinensis* adults. It is unclear why carnosine was presented in *C*. *sinensis*-infected bile ([Table 1](#pntd.0008287.t001){ref-type="table"}). Carnosine, which is an endogenous dipeptide widely distributed in the muscle and nervous tissues of vertebrates, exerts many biological functions, including antioxidant activity, antitoxic activity, antiinflammatory activity, and neuroprotective activity \[[@pntd.0008287.ref051]\]. Thus, carnosine is predicted to be released from host cells in response to chronic stimulation from *C*. *sinensis* ESPs associated with free radical generation \[[@pntd.0008287.ref052]\]. Carnosine possibly functions as an antioxidant and scavenger of free radicals.

Gly and Ala are two of the most abundant amino acids in plasma. Since both of them were increased in *C*. *sinensis-*infected bile \[[@pntd.0008287.ref038]\] ([Table 1](#pntd.0008287.t001){ref-type="table"}), we speculated that they could be utilized by adult flukes to produce energy. As expected, Gly + Ala and glycerol feeding remarkably prolonged the survival time of adult flukes ([Fig 1A](#pntd.0008287.g001){ref-type="fig"} and [S2 Table](#pntd.0008287.s012){ref-type="supplementary-material"}), suggesting that these nutrients are indispensable for ATP production during the absence of glucose. In humans, the conversion of Gly and Ala to glucose via gluconeogenesis is controlled by the catalysis of G-6-Pase, FBPase, PC, and PEPCK, while the conversion of glycerol to glucose via gluconeogenesis is controlled by the catalysis of G-6-Pase and FBPase \[[@pntd.0008287.ref016]\]. The results that Gly + Ala feeding upregulated the expression levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC, but glycerol feeding did not upregulate the expression levels of *Cs*PEPCK and *Cs*PC ([Fig 2A--2D](#pntd.0008287.g002){ref-type="fig"}), indicated similar control steps in the gluconeogenesis pathway of *C*. *sinensis* adults. This kind of evolution might be beneficial for energy metabolism of adult flukes. Under Gly + Ala condition, the upregulation of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *Cs*PC expression at 3, 5, and 7 d reflected a strong gluconeogenesis rate, with continuous conversion of exogenous Gly and Ala to glucose ([Fig 2A--2D](#pntd.0008287.g002){ref-type="fig"}). Consistent with this finding, the four rate-limiting enzymes were expressed increasingly over time ([Fig 2E--2H](#pntd.0008287.g002){ref-type="fig"}). As to glycerol condition, the upregulation of *Cs*G-6-Pase and *Cs*FBPase expression only at 3 d reflected a transient conversion of glycerol into glucose inside the body of adult flukes ([Fig 2A and 2B](#pntd.0008287.g002){ref-type="fig"}). These results suggest that exogenous Gly and Ala appeared to be more important for *C*. *sinensis* adults than exogenous glycerol in the absence of glucose.

Trematodes have the ability to import glucose and amino acids directly across their tegument facilitated by glucose and amino acid transporters \[[@pntd.0008287.ref034], [@pntd.0008287.ref053]--[@pntd.0008287.ref055]\]. Thus, exogenous glucose and amino acids in DMEM could be absorbed and catabolized by *C*. *sinensis* adults, which is coupled to ATP production for extending the survival time of adult flukes \[[@pntd.0008287.ref012], [@pntd.0008287.ref018]\] ([Fig 1B](#pntd.0008287.g001){ref-type="fig"} and [S3 Table](#pntd.0008287.s013){ref-type="supplementary-material"}). However, neither high nor low glucose DMEM could provide more advantageous conditions to extend the survival time of adult flukes than no glucose DMEM ([Fig 1B](#pntd.0008287.g001){ref-type="fig"} and [S3 Table](#pntd.0008287.s013){ref-type="supplementary-material"}), implying that exogenous amino acids alone would meet energy requirements for the survival of adult flukes. Because of the lack of nutrients in 1 × Locke's, gluconeogenesis might take place inside the body of adult flukes for rapid replenishment of glucose \[[@pntd.0008287.ref056]\]. Thus, it seems reasonable that the highest expression levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *C*sPC were in 1 × Locke's but not in no glucose DMEM at 3 d ([Fig 3A--3D](#pntd.0008287.g003){ref-type="fig"}). Thereafter, the highest expression levels of *Cs*G-6-Pase, *Cs*FBPase, *Cs*PEPCK, and *C*sPC were in no glucose DMEM ([Fig 3A--3D](#pntd.0008287.g003){ref-type="fig"}). In no glucose DMEM, the progressively enhanced expression levels of the four rate-limiting enzymes indicated a gradually enhanced gluconeogenesis rate ([Fig 3E--3H](#pntd.0008287.g003){ref-type="fig"}), suggesting that glucose could be constantly replenished through the transformation of exogenous amino acids in the absence of glucose. In addition, although adult flukes failed to express higher levels of the four rate-limiting enzymes in high and low glucose DMEM than those expressed in 1 × Locke's ([Fig 3A--3D](#pntd.0008287.g003){ref-type="fig"}), it is unreasonable to deny the consumption of exogenous amino acids in these DMEM. Hence, we next detected the L-amino acid level in cultured supernatants. Intriguingly, L-amino acid levels gradually reduced in high, low, and no glucose DMEM, suggesting the ingestion of exogenous amino acids by adult flukes regardless of the absence or presence of glucose ([Fig 4](#pntd.0008287.g004){ref-type="fig"}). It was reported that exogenous amino acids could be utilized by *C*. *sinensis* adults not only for synthesis of the protein, but also for energy production. By comparing with the catabolism of glucose, the researchers proposed that respiratory CO~2~ from ^14^C-glycine was greater than that from ^14^C-glucose in unit wet weight of the worms \[[@pntd.0008287.ref057]\]. This finding hinted at the possibility that adult flukes could obtain a large amount of energy from amino acids. Similar to other trematodes, *C*. *sinensis* adults can acquire nutrients, such as amino acids and glucose, by feeding on host tissue and blood \[[@pntd.0008287.ref058], [@pntd.0008287.ref059]\]. Since the normal blood glucose level of humans changes with the diet and is no more than 10 mM, adult flukes seem unlikely to acquire more glucose from the bile ducts of their host \[[@pntd.0008287.ref060]\]. Therefore, our finding that adult flukes survived for less time in high glucose DMEM (25 mM glucose) than those in low glucose DMEM survived (5.6 mM glucose) might be attributed to their adaptation to the limited-glucose bile ducts ([Fig 1B](#pntd.0008287.g001){ref-type="fig"} and [S3 Table](#pntd.0008287.s013){ref-type="supplementary-material"}). These results seemed to partially reflect the metabolic characteristics of *C*. *sinensis* adults, showing that adult flukes possibly not only rely on glucose from the host, but also require exogenous amino acids for energy production.

In mammals, gluconeogenesis plays a crucial role in maintaining glucose homeostasis \[[@pntd.0008287.ref061]\]. After a few hours of fasting, glycogen stores become exhausted and then the supply of blood glucose relies entirely on its biosynthesis from non-carbohydrate stores through gluconeogenesis \[[@pntd.0008287.ref016]\]. Since FBPase regulates the control step in gluconeogenesis, suppression of FBPase activity will theoretically block glucose synthesis. Unlike the natural inhibitor AMP, MB05032 exhibits high specificity and potency for human FBPase. It has an efficacious effect on the reduction of glucose synthesis from some common glycogenic precursors in rat and human hepatocytes \[[@pntd.0008287.ref028]\]. Considering that *Cs*FBPase shares 62% identity with human FBPase and possesses a similar FBPase motif by BLASTx analysis \[[@pntd.0008287.ref062]\], the activities of r*Cs*FBPase and native *Cs*FBPase could also be effectively inhibited by MB05032 ([S2 Fig](#pntd.0008287.s002){ref-type="supplementary-material"}). Furthermore, accompanying with the inhibition of native *Cs*FBPase activity ([Fig 5](#pntd.0008287.g005){ref-type="fig"}), the glucose level inside the body of adult flukes was remarkably decreased ([Fig 6](#pntd.0008287.g006){ref-type="fig"}). This result suggested that MB05032 could inhibit the production of glucose through gluconeogenesis by targeting *Cs*FBPase. Almost all living helminths in anaerobic and semi-aerobic habitats require carbohydrates to produce energy and metabolites \[[@pntd.0008287.ref012]\]. Once in the absence of glucose, *schistosomes* rapidly degrade glycogen stores for survival \[[@pntd.0008287.ref063]\]. Based on the distribution of glycogen in *Fasciola hepatica* \[[@pntd.0008287.ref064]\], glycogen stores of *C*. *sinensis* adults are supposed to lie within the yolk cell, peripheral muscle, parenchyma layer, and fine tonofibril of tegument. When gluconeogenesis was inhibited, glycogen stores might be gradually degraded by *C*. *sinensis* adults for maintenance of carbohydrate supply \[[@pntd.0008287.ref065]\], which resulted in the obvious decrease of glycogen levels after MB05032 treatment ([Fig 7](#pntd.0008287.g007){ref-type="fig"}). Accordingly, the decreased activity and viability of adult flukes might be related to the exhaustion of glucose and glycogen by the inhibition of gluconeogenesis (Figs [8](#pntd.0008287.g008){ref-type="fig"} and [9](#pntd.0008287.g009){ref-type="fig"}, [S1](#pntd.0008287.s003){ref-type="supplementary-material"}--[S8](#pntd.0008287.s010){ref-type="supplementary-material"} Videos and [S4 Table](#pntd.0008287.s014){ref-type="supplementary-material"}). This dramatic effect indicates that gluconeogenesis may play a vital role in maintaining glucose homeostasis for the survival of adult flukes under an adverse condition. These observations support above results, revealing that exogenous amino acids might be essential for adult flukes regardless of the absence or presence of exogenous glucose. Accordingly, it is possible that *C*. *sinensis* adults absorb exogenous amino acids for energy production even if they can obtain glucose from the host. In addition to their role in energy metabolism, amino acids are possibly involved in maintenance of body structure, formation of new protoplasm, and regulation of intracellular osmotic pressure during the host-helminth coexisting period \[[@pntd.0008287.ref066]\]. Further studies are needed to investigate whether exogenous amino acids participate in other physiological processes of *C*. *sinensis* adults.

In summary, our current results suggest that exogenous amino acids probably serve as an important energy source that benefits the continued survival of *C*. *sinensis* adults, thus providing a valuable strategy for design of new anthelmintics against the gluconeogenesis pathway of *C*. *sinensis*. Our foundational study opens a new avenue for illuminating energy metabolism and parasitic mechanism of *C*. *sinensis*.

Supporting information {#sec025}
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###### Detection of free amino acids in 20 μl of the bile sample.

\(A\) A *C*. *sinensis*-infected bile sample. (B) An uninfected bile sample. (C) The standard sample. Concentration of free amino acids in bile samples was calculated by using the standard curves generated by the standard sample.

(PDF)
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Click here for additional data file.

###### Specific inhibition of r*Cs*FBPase and native *Cs*FBPase by MB05032.

\(A\) Percent inhibition of r*Cs*FBPase by 0--50 mM AMP or 0--500 μM MB05032. (B) Percent inhibition of native *Cs*FBPase in soluble protein of adult flukes by 0--50 mM AMP or 0--500 μM MB05032. (C) Inhibition of r*Cs*FBPase and r*Cs*FbA-2 by 10 μM MB05032. The 50% inhibiting concentration (IC50) of AMP (positive control) and MB05032 against r*Cs*FBPase or native *Cs*FBPase were calculated using four-parameter logistics nonlinear regression, respectively. The activities of r*Cs*FBPase or r*Cs*FbA-2 with or without the addition of MB05032 were compared by student's *t* test. \*\**P* \< 0.01 was represented as statistical significance; n.s., not significant.

(PDF)
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on high glucose DMEM.
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on high glucose DMEM with MB05032 treatment.

(AVI)
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on low glucose DMEM.
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on low glucose DMEM with MB05032 treatment.
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on no glucose DMEM.
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on no glucose DMEM with MB05032 treatment.
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on 1 × Locke's.
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Click here for additional data file.

###### Morphological and moving changes of *C*. *sinensis* adults maintained on 1 × Locke's with MB05032 treatment.
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Click here for additional data file.

###### Primers used in qRT-PCR.
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Click here for additional data file.

###### Survival time of *C*. *sinensis* adults maintained on 1 × Locke's with or without the addition of different nutrients.

Survival time was evaluated by the log-rank test. *P* \< 0.05 and *P* \< 0.01 were represented as statistical significance.

(PDF)
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Click here for additional data file.

###### Survival time of *C*. *sinensis* adults maintained on 1 × Locke's and different DMEM.

Survival time was evaluated by the log-rank test. *P* \< 0.05 and *P* \< 0.01 were represented as statistical significance.

(PDF)

###### 

Click here for additional data file.

###### Survival time of *C*. *sinensis* adults with or without MB05032 treatment.

Survival time was evaluated by the log-rank test. *P* \< 0.01 and *P* \< 0.0001 were represented as statistical significance.

(PDF)

###### 

Click here for additional data file.
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